New and quick methods to synthesize Ce(CrO 4 ) 2 · 2H 2 O and Ce(CrO 4 ) 2 · H 2 O, giving high yields, are described. The methods are based on exchange reactions by refluxing in water or on solid state reactions. The first crystal structure containing a chromatosulfato ion is presented. K 2 CrSO 7 belongs to space group P2 1 /n with a = 7.4024(1), b = 7.3908(1), c = 12.9883(2)Å, β = 90.021(1) • and Z = 4. The CrSO 7 2− ion, consisting of one chromate group sharing one oxygen atom with one sulfate group, has a pseudo syn-C 2v conformation with eclipsed oxygen atoms. K 2 CrSO 7 forms a three dimensional network of CrSO 7 2− ions held together by the charge balancing potassium ions, with the general structural features common with dichromate-like structures. The redetermination of the structures of (NH 4 ) 2 Cr 2 O 7 (space group C2/c, with hydrogen atoms located) and Na 2 Cr 2 O 7 · 2H 2 O (space group P2 1 , with hydrogen atoms located and the absolute structure established) are reported.
Introduction
Chromium(VI) compounds continue to attract interest as they represent the most widely used group of oxidizing agents in organic chemistry, capable of oxidizing almost every organic functional group. Oxidation by cerium(IV) is also a valuable tool [1] in organic chemistry. Various Ce-Cr-O catalysts of different Cr content have been synthesized [2] and used in oxidative dehydrogenation of lower alkanes, a subject of growing interest as a source of inexpensive olefins for industrial applications [3] . Nitrato cerium(IV) chromates(VI) have been used as versatile oxidants or as mild, efficient, and inexpensive catalysts for oxidative deprotection [4] . The combination of Ce(IV) and Cr(VI) in order to synthesize different cerium chromates may produce new powerful oxidation tools with unique properties. Investigations on cerium chromates were started by Lindgren [5] who published Ce(CrO 4 ) 2 · 2H 2 O, the only structure determination reported until recently when Kolitsch and Schwendtner [6] reported the structure of Ce(CrO 4 ) 2 · H 2 O. Quick and easy reaction routes for these compounds are presented in this paper.
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The chromate, CrO 4 2− , and dichromate, Cr 2 O 7 2− , ions form the basis for a series of industrially important salts. Solving the crystal structure of (NH 4 ) 2 Cr 2 O 7 , Byström and Wilhelmi [7] made the first structure determination of a compound with the stoichiometric formula A 2 M 2 O 7 , where A is a large cation and M is a small atom with high formal oxidation state. These structures contain M 2 O 7 units consisting of two corner sharing MO 4 tetrahedra. Different packing motifs of M 2 O 7 units give rise to several polymorphic forms and many new types of A 2 M 2 O 7 structures have been reported since then. Brown and Calvo [8] reported a scheme of the relation between these structure types, and Clark and Morely [9] published a review on inorganic pyrocompounds, M a (X 2 O 7 ) b . Sodium dichromate has been reported in two triclinic modifications [10] . Three polymorphic forms for potassium dichromate [11] and four modifications for rubidium dichromate [12] have been reported. One crystal structure of ammonium dichromate has been published [7, 13] . Sporadic cases of hydrated dichromates have been structurally characterized until now: the sodium dichromate tetrahydrate [14] , three modifications of lithium dichromate dihydrate [15] and the sodium dichromate dihydrate [16] . Only three structures with pyrosulfate anions were known [17] until recently when Ståhl et al. [18] There is evidence for the existence of a "chromo sulfate" anion [19] , but no structures of compounds containing CrSO 7 2− ions have been reported until now. Here we present the crystal structure of K 2 CrSO 7 and the redetermination of the structures of (NH 4 New and quick methods to synthesize compounds 1 and 2, giving high yields, are described in the experimental section. One method is based on exchange reactions from commercially available starting materials by refluxing the reactants in water solution. The second method is based on an addition reaction in the solid state. Compound 1 has previously been synthesized by Lindgren [5] from water solution by slow evaporation at r. t. Compound 2 has unexpectedly been synthesized by Kolitsch and Schwendtner [6] by slowly evaporating an aqueous solution, using a Ce(III) species and CrO 3 , where the reaction involved a slow oxidation of Ce(III) by Cr(VI), also encountered in our previous work [20] .
The structure of 1 is essentially different from that of 2. Compound 1 is built up by layers of [Ce(CrO 4 ) 2 -(H 2 O) 2 ] n held together by hydrogen bonds, while the structure of 2 forms a three-dimensional network mediated by oxygen bridges. As a consequence of the structural differences their properties differ. The density of 2 (3.75 g cm −3 ) is higher than that of 1 (3.37 g cm −3 ) and the solubility of 1 in water is much higher than the solubility of 2. 
Structural description of K 2 CrSO 7 (3)
Compound 3 crystallizes in the space group P2 1 /n with a = 7.4024(1), b = 7.3908(1), c = 12.9883(2)Å, β = 90.021 (1) • and Z = 4. The crystal under investiga- 
tion was twinned, mimicking the orthorhombic symmetry due to the closeness of the β angle to 90 • , twin law: [(1 0 0) (01 0) (0 01)]. The twin volume ratio was refined to 0.505(4)/0.495 (4) . There are two potassium cations and one chromatosulfato, CrSO 7 2− , anion in the asymmetric unit. The CrSO 7 2− ion, consisting of one chromate tetrahedron sharing one oxygen atom with one sulfate tetrahedron, has a pseudo syn-C 2v conformation with eclipsed oxygen atoms ( Fig. 1 ). This conformation is the usual one for both the dichromate and the disulfate compounds. The Cr-O bridging distance is longer [d = 1.807(6)Å] than the terminal Cr-O distances with an average of 1.597(6)Å. The mean Cr-O distance within the chromium tetrahedra (1.65(10)Å) is in accordance with distances reported for dichromate compounds [7, 10 -16] . Also the S-O bridging distance is longer [d = 1.577(6)Å] than the terminal distances which average to 1.48(1)Å. The mean S-O distance within the sulfate moiety [1.50(5)Å] is in accordance with distances within pyrosulfate compounds [17, 18] . The bond-valence sums are 6.08 and 5.84 valence units for Cr1 and S1, respectively (using the parameters from Brown and Altermatt [21] ). For a complete list of bond lengths see Table 1 . The Cr1-O4-S1 bond angle is 125.8(3) • . The potassium ions (K1 and K2) are in contact with eight oxygen atoms at distances ranging between 2.722(6) and 3.117(5)Å ( Table 1) . The K1 and K2 ions connect to six and five different CrSO 7 2− units, respectively. Each terminal oxygen atom within the CrSO 7 2− units is linked to two or three potassium ions. The bridging oxygen atom, O4, has one cation contact, which is common in most of the chromate-like structures [9] but not found in the pyrosulfate structures [18] .
Compound 3 forms a three dimensional network of CrSO 7 2− ions held together by the charge bal- Fig. 2 . Packing of the CrSO 7 2− units and the potassium ions for 3, the purple (dark) tetrahedra are chromate units and the yellow tetrahedra (light) are sulfate units.
ancing potassium ions (Fig. 2) , with structural features common with A 2 M 2 O 7 compounds. Brown and Calvo [8] proposed a scheme for classifying A 2 M 2 O 7 structure types, where the structures are described in terms of the possible ways of stacking sheets. These sheets are composed of centrosymmetrically related A 2 M 2 O 7 groups forming a basic unit. The structure of 3 can be described in terms of two alternating sheets parallel to the ab plane, with the composition [K 2 CrSO 7 ] n (Fig. 2) . In this structure, adjacent sheets are related by two-fold screw axes between them and glide planes perpendicular to them. According to the scheme proposed by Brown and Calvo [8] , who predicted this structure type before it had been observed, this structure belongs to type VII. A high temperature phase of K 2 Cr 2 O 7 belonging to this structure type is supposed to exist [11a, f], but its structure has not been solved. However, the structure of Rb 2 Cr 2 O 7 (space group P2 1 /n) [12b] has the key pack- ing features common with the structure of 3. The structure of K 2 S 2 O 7 [18] [7, 13] . Within these structures the sheets are more symmetric, due to the twofold axes through the bridging oxygen atoms, Table 3 . Hydrogen bonds for 4 (Å and deg). (2) 2.14(2)
Structural description of (NH 4 ) 2 Cr 2 O 7 (4)
A redetermination of the structure of 4 [7, 13] Table 2 ). The tetrahedral ammonium ions in 4 are surrounded by eight nearest oxygen atoms belonging to six different dichromate units (distances range: 2.832(2) -3.161(2)Å). The hydrogen atoms in the ammonium ion show mono-(H1, H2 and H4) and bi-furcated (H3) interactions with oxygen atoms in the Cr 2 O 7 2− units, presented in Fig. 3 and Table 3 . The structure can be regarded as sheets [8] with the composition [(NH 4 ) 2 Cr 2 O 7 ] n , parallel to the bc plane. The sheets have a twofold axis along b and a glide plane along c, and adjacent sheets are related by a C-centering translation (Fig. 4) [18] . The bridging oxygen atoms within this structure type do not connect to cations, which is atypical for dichromate compounds.
Structural description of Na 2 Cr 2 O 7 · 2H 2 O (5)
Neither e. s. d.'s nor anisotropic displacement parameters were given by Kharitonov et al. [16] in the paper on the Na 2 Cr 2 O 7 · 2H 2 O structure and the R value was reported to be 0.083, based on film data. Here we present a redetermination of the Na 2 Cr 2 O 7 · 2H 2 O structure where the hydrogen atoms have been located and the absolute structure has been established. Compound 5 belongs to the non-centrosymmetric space group P2 1 , with a = 6.1216 (1) 
ture is composed of sodium cations, discrete chromate dimers, joined by sharing corners, and water molecules. There are two non-equivalent Cr 2 Table 2 ). Each sodium ion within Na 2 Cr 2 O 7 · 2H 2 O is connected to two water molecules and four oxygen atoms belonging to four different dichromate units (distances range: 2.344(3) -2.512(3)Å). The crystal structure of 5 can be described as intercalating sheets in the ac plane of discrete dichromate units, water molecules and sodium ions (Fig. 5a) . The water molecules in the ac plane interact mainly with the adjacent layer of chromate units (Fig. 5b) , and the three dimensional framework is formed by the ionic interactions between the chromate groups and the potassium ions. The hydrogen bonding contacts are listed in Table 4 .
Experimental Section

Sample preparations
Ce(CrO 4 ) 2 · 2H 2 O (1), from water solution: Ce(SO 4 ) 2 · 4H 2 O (0.50 g, 1.27 mmol), CrO 3 (0.38 g, 3.8 mmol) and water (5.0 mL) were mixed in a micro round bottom flask connected to a reflux water condenser. The reaction mixture was refluxed for 24 h until orange crystals of 1 were formed. Powder diffraction analysis showed evidence of a pure product.
Ce(CrO 4 ) 2 · 2H 2 O (1), solid state synthesis: Ce(SO 4 ) 2 · 4H 2 O (3.0 g, 7.5 mmol) was dissolved in water (20 mL) and Ce(OH) 4 was precipitated with 15 M ammonia. Ce(OH) 4 and CrO 3 (molar ratio 1 : 2) were milled in dry atmosphere, using a glove bag filled with nitrogen gas. The sample was placed in a crucible with a lid and heated in a furnace over the weekend at 150 • C. The temperature was then raised to 188 • C for 19 h. The hygroscopic part of the powder was rinsed and the remaining part was dried. Powder diffraction revealed that the dark powder consisted mainly of Ce(CrO 4 ) 2 · 2H 2 O.
Ce(CrO 4 ) 2 · H 2 O (2):
Powders of (NH 4 ) 2 [Ce(NO 3 ) 6 ] (0.50 g, 0.91 mmol) and CrO 3 (0.28 g, 2.8 mmol) were mixed in water (5.0 mL) and poured into a micro round-bottom flask connected to a reflux water condenser. The reaction mixture was refluxed for 24 h until dark red and bipyramidally formed crystals of 2 were produced. Powder diffraction analysis showed evidence of a pure product.
K 2 CrSO 7 (3): Crystals of K 2 Cr 2 O 7 were formed during an attempt to prepare hydrated cerium chromates. Ce(OH) 4 was precipitated with ammonia as in the solid state synthesis of 1. Ce(OH) 4 (0.15 g, 0.95 mmol) was added to a saturated solution of K 2 CrO 4 (1.5 mL), then concentrated sulphuric acid was added until the cerium hydroxide was completely dissolved. An additional amount (1.5 mL) of saturated solution of K 2 CrO 4 was then added. This particular sample was left covered, and after a year light yellow-orange crystals, shaped as parallelepipeds with square faces, started to periodically form and dissolve. Finally, one of these metastable crystals was suitable for single crystal X-ray analysis.
( 
Single crystal X-ray analysis
Data were collected using a Siemens SMART CCD diffractometer equipped with a Siemens LT-2A low temperature device, at 22 • C for 3, at −90 • C for 4, and at −100 • C for 5. Full spheres of the reciprocal space were scanned by 0.3 • steps in ω with a crystal-to-detector distance of 3.97 cm and exposure times per frame of 20 s for 3, 5 s for 4, and 1 s for 5. Preliminary orientation matrices were obtained using SMART [22] . The collected frames were integrated with the orientation matrices updated every 100 frames. Final cell parameters were obtained by refinement on the position of 8192 (3), 6379 (4) and 7764 (5) reflections with I ≥ 10σ (I) after integration of all the data using SAINT [22] . The data Table 5 . Crystal data and structure refinement for 3, 4 and 5.
were corrected empirically for absorption and other effects using SADABS [23] . The structures were solved by Direct Methods and refined by full-matrix least-squares on all F 2 data using SHELXTL [24] . The non-hydrogen atoms were refined anisotropically. The hydrogen atoms in 4 and 5 were located from difference Fourier maps and refined isotropically with restraints (common O-H distances and a common displacement parameter). The Flack parameter [25] was refined to −0.014(17) on 2699 Friedel pairs for 5. Details on data collections and refinements are given in Table 5 . Molecular graphics: DIAMOND [26] . Further details of the crystal structures may be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, on quoting the depository number: CSD-417522 for 3, CSD-417523 for 4 and CSD-417524 for 5.
